Abstract: Background: Cerebellar ataxias represent a wide and heterogeneous group of diseases characterized by balance and coordination disturbance, dysarthria, dyssynergia and adyadococinesia, caused by a dysfunction in the cerebellum. In recent years there has been growing interest in discovering therapeutical strategy for specific forms of cerebellar ataxia. Together with pharmacological studies, there has been growing interest in non-invasive cerebellar stimulation techniques to improve ataxia and limb coordination. Both transcranial magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS) are non-invasive techniques to modulate cerebro and cerebellar cortex excitability using magnetic or electric fields.
INTRODUCTION
Cerebellar ataxias represent a wide and heterogeneous group of diseases defined by a collection of signs and symptoms in combination, such as balance and coordination disturbance, dysarthria, dyssynergia and adyadococinesia, caused by a dysfunction in the cerebellum. Cerebellar ataxia may occur as an isolated syndrome or in association with the involvement of other neurological systems (i.e. in multiple sclerosis, multiple system atrophy, vasculitis) and arises from very different causes.
Depending on the aetiologies, the primary distinction is between acquired and genetic ataxias. Acquired cerebellar ataxias include different forms: autoimmune, paraneoplastic, toxic (i.e. alcoolism), infectious, vascular, and associated to vitamin deficiency (i.e vitamin E) or to primary or metastatic brain tumors. Hereditary cerebellar ataxias represent a group *Address correspondence to this author at the Aldo Ravelli" Research Center for Neurotechnology and Experimental Brain Therapeutics, University of Milan Medical School, Milan, Italy; E-mail: roberta.ferrucci@policlinico.mi.it of rare genetic diseases characterized by slow progression of cerebellar symptoms (ataxia, incoordination of extremities and eye movements and dysartria) and often associated to cerebellar atrophy [1] . Depending on the inheritance mode, genetic ataxias may be subdivided into autosomal dominant forms (including spinocerebellar ataxias, episodic ataxias, DRPLA, SPAX1), autosomal recessive forms, with Friedreich ataxia, ataxia-telangiectasia, and ataxia oculomotor apraxia being most common, mitochondrial forms (i.e. MELAS, MERRF, NARP and others) and X-linked forms (fragile X tremor ataxia syndrome).
Management of ataxia requires a multidisciplinary approach through rehabilitation techniques, occupational therapy and speech therapy.
Pharmacological therapy is for most forms only supportive and aimed to the treatment of comorbidities (i.e. spasticity, diabetes, epilepsy etc).
In recent years there has been growing interest in discovering therapeutical strategy for specific forms of cerebellar ataxia. 4-aminopyridine (4-AP) was shown to improve cerebellar gait ataxia and also to be effective in reducing the number of attacks of ataxia, ameliorating the quality of life in patients affected by episodic ataxia type 2; observational studies also evidenced the effectiveness of the modified amino-acid acetyl-DL-leucine in cerebellar ataxia [2] . A recent Cochrane systematic review [3] did not identify clear evidence supporting the use of antioxidants to improve neurological status in patients affected by Friedreich ataxia, even though idebenone was shown to induce a decrease in left ventricular mass (whose clinical significance still needs to be clarified). Gene replacement strategies [4] , iron chelators [5] , erythropoietin [6] , immune modulators [7] as well as iRNAs are under investigation [8] in patients and animal models of Friedreich ataxia. Vitamin E replacement is useful for ataxia with vitamin E deficiency (AVED). Steroids, plasmapheresis and/or intravenous immunoglobulin (IVIG) are used for immune-mediated cerebellar ataxia (gluten ataxia, paraneoplastic cerebellar degeneration, GAD antibody associated cerebellar ataxia, and Hashimoto's encephalopathy), after the removal of autoimmune triggering factors [9, 10] .
Together with pharmacological studies, there has been growing interest in non-invasive cerebellar stimulation techniques to improve ataxia and limb coordination [11] [12] [13] . Both transcranial magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS) are non-invasive techniques to modulate cerebro and cerebellar cortex excitability using magnetic or electric fields [14] .
Here we aim to review the most relevant studies regarding the application of TMS ( Table 1 ) and tDCS ( Table 2) for the treatment of cerebellar ataxia. As pharmacological strategies were shown to be effective in specific forms of cerebellar ataxia and are not devoid of collateral effects, noninvasive stimulation may represent a promising strategy to improve residual cerebellar circuits functioning and a complement tool to pharmacotherapy.
Non Invasive Neuromodulation for the Treatment of Spinocerebellar Ataxias: An Overview
A growing body of literature has highlighted the impairment of corticospinal pathways in ataxias, by using single and paired pulse TMS, exploring the floating border between Hereditary Spastic Paraplegias (HSP) and Spinocerebellar Ataxias (SCAs); TMS revealed a high motor threshold in SCA1, accompanied by prolonged peripheral and central motor conduction times, whereas a reduced intracortical facilitation (ICF) has been reported both in SCA2 and SCA3 [12, [15] [16] [17] . More recently, a reduced intracortical inhibition (SICI) has been described in SCA14, clinically characterized by slowly progressive ataxia associated with mild dystonia and myoclonus [18] .
Conversely, only few papers have investigated to date the role of repetitive TMS (rTMS) for therapeutic purposes. rTMS has been evaluated in primary neurodegenerative, as well as in sporadic and secondary ataxias, and clinical improvement has been reported following either low-frequency rTMS or theta-burst stimulation [19] [20] [21] .
More studies have investigated the effects of DCS for the treatment of spinocerebellar ataxias, showing a significant improvement in clinical scores and neurophysiological parameters following anodal tDCS [22] [23] [24] [25] [26] .
Despite the encouraging outcome, these preliminary results have some critical limitations, ranging from the different protocols used to the clinical and pathophysiological heterogeneity of patients enrolled. Moreover, the site of stimulation is highly variable among different studies.
Methods
We searched articles published through July 2017 on Medline (PubMed) using the terms 'ataxia', in combination with 'cerebellar tDCS' OR 'TMS' OR repetitive transcranial magnetic stimulation 'rTMS' AND the stimulation site 'cerebellum'.
Published reports examining clinical motor improvements of cerebellar ataxias after neuromodulation interventions were included.
The types of NIBS included were TMS, rTMS, anodaltDCS, and cathodal-tDCS. Furthermore, we included a single case and articles examining the clinical improvement and safety of cerebellar non-invasive brain stimulation in patients with cerebellar disorders.
Clinical rTMS Studies
Shimizu [27] first reported a beneficial effect of lowfrequency rTMS in patients with spinocerebellar degeneration, as proved by a reduction in the time required for a 10m walk and by a concurrent increase in the number of feasible steps in tandem gait [27] . Few years later, Shiga and colleagues [21] showed a significant improvement after rTMS treatment in truncal ataxia in patients with SCAs, comprising spinocerebellar (SCA6) and olivopontocerebellar types (sporadic OPCA, SCA1 and SCA3), paralleled by significant changes in the regional cerebral blood flow (rBF) [21] ; they used a particular kind of cerebellar stimulation, with the coil placed over the scalp and centred on the inion, 4 cm lateral to the right of the inion, and 4 cm lateral to the left of the inion. For each location, ten pulses (five clockwise and five counter clockwise) were delivered at an interstimulus interval of about 6 seconds, once a day and for three consecutive weeks. By using a similar protocol, Ihara and co-workers confirmed the efficacy of low-frequency rTMS for the treatment of ataxia, possibly through changes in regional blood flow and oxidative stress biomarkers [28] . However, in both studies, no causal relationship was clearly established between rBF changes and clinical outcome. Furthermore, the extent of functional improvement was not reported and quantitative assessment of gait and physical function was not performed.
More recently, using the same protocol, Farzan and colleagues [19] have quantified the improvement in functional mobility, standing postural control and gait kinematics in a patient with a probable diagnosis of idiopathic late-onset cerebellar ataxia [19] : rTMS likely dampens the cerebellar cortex inhibitory control over dentate nucleus, ultimately interfering with the cerebellar-brain inhibition (CBI). The Authors also reported a clear improvement in non-motor functions, possibly modulating connectivity between deep cerebellar nuclei and prefrontal areas.
Recently, other studies have highlighted the role of rTMS in stroke patients with ataxias [29] . In particular, cerebellar theta burst stimulation seems to modulate the functional cerebellar-brain connectivity, thus improving postural control and ataxic gait [20, 30] these changes are coupled with neurophysiological modifications, as proved by the modulation of glutamatergic intracortical networks. Also lowfrequency rTMS is effective for the treatment of ataxia following cerebellar unilateral infarction [31] .
Nonetheless, samples were too small and heterogeneous in terms of the affected cerebellar hemisphere; moreover, only few clinical scales were assessed, which may not be sufficient to detect all the complex clinical aspects of cerebellar dysfunction in stroke patients.
Clinical tDCS Studies
There is a growing evidence that cerebellar tDCS appears to be a new tool to study the modulation of long latency stretch reflexes (LLSR) response by the cerebellar cortex.
Grimaldi and colleagues (2013) [25] examined the effects of anodal cerebellar tDCS in nine ataxic patients. The protocol provided the administration of the SR recorder in the upper limbs and upper limb dexterity and coordination using a mechanical counter test (MCT), before and after tDCS over the right cerebellar hemisphere. Their results showed that anodal tDCS over the right cerebellar hemisphere reduced the amplitude of the long latency SR (LLSR), but did not affect the short latency SR response or the MCT score compared to the baseline and sham group. After sham or active stimulation of the region in front of the vermis, the postural parameters remained unchanged.
The results obtained may suggest that anodal tDCS applied over the cerebellum reinforces the inhibitory activity exerted by the cerebellar cortex over cerebellar nuclei.
Grimaldi and colleagues (2014) [26] performed a second experiment on upper limb tremor and dysmetria in two patients with dominant spinocerebellar ataxia. tDCS was administer over the cerebellum for 20 minutes immediately followed by tDCS applied over the contralateral motor cortex (tCCDCS: transcranial cerebello-cerebral DC stimulation).
For the postural tremor, quadratic power spectral density (PSD) revealed that tCCDCS induced a reduction in the amplitude of the oscillations at the level of the index in both patients. For action tremors, tCCDCS also had a positive effect as observed by the drop in the magnitude of lowfrequency oscillations from 62.3% to 46.9% of the baseline values in patient 1 and 2, respectively.
In both patients following tCCDCS, hypermetria occurred along with a reduction of the onset latency of the antagonist electromyography (EMG) activity. Despite the small sample these results are highly encouraging to study the therapeutic effects of tDCS on upper limb tremor.
Bodranghien and colleagues (2017) [24] conducted a single case study in a patient with ANO10 mutation (ARCA3). They delivered anodal tCCDCS over the cerebellum with a return electrode on the contralateral motor cortex. Clinical rating, accelerometry studies, and recordings of voluntary movements were recorded at baseline, after sham, and after active tCCDCS.
Results revealed that there was an improvement on postural tremor after tCCDCS, with a major drop of the power spectral density to 26.12% of basal values. The combination of tDCS of the cerebellum with tDCS of the motor/premotor cortex demonstrated that this technique may be considered a symptomatic therapeutic strategy to reduce tremor in disabling cerebellar ataxia.
Benussi and colleagues (2015) [23] explored the effect of a single session of cerebellar anodal and sham tDCS in nine patients with ataxia. They found a positive effect of anodal cerebellar tDCS on functional clinical scores, as observed with the Scale for the Assessment and Rating of Ataxia (SARA), on the International Cooperative Ataxia Rating Scale (ICARS), and in motor task measurement with the nine-hole peg test (9HPT) and 8-Meter Walking Time (8MW) assessment within the entire cohort of patients.
Particularly, a significant improvement was observed in the posture, gait and limb coordination ICARS subscores. Authors conducted a single-group analysis in the SCA (spinocerebellar ataxia) and the cerebellar variant of MSA (multiple system atrophy, MSA-C) cohorts demonstrating a significant effect from anodal cerebellar tDCS on SARA, ICARS, and 9HPT testing.
Only in the SCA group there was a significant difference in the 8MW testing. No significant difference in the MSA-C group was reported. The findings obtained via a single stimulation session applied to the cerebellar cortex suggests that tDCS can temporarily improve symptoms in patients with ataxia and might have therapeutic potential in these patients, but more powerful stimulation may be needed.
To evaluate whether a two-weeks' treatment with cerebellar anodal tDCS could affect cerebello-motor connectivity, in a subsequent study the same group [22] assessed symptoms in twenty patients with neurodegenerative cerebellar ataxia at short and long term (3 months).
In a double-blind, randomized, sham controlled trial with cerebellar tDCS (5 days/ week for 2 weeks) they conducted a clinical evaluation pre-and post-anodal tDCS or sham stimulation. Cerebello-motor connectivity was evaluated using TMS at baseline and at follow-up. Results reported that a two-weeks' treatment with anodal cerebellar tDCS improves symptoms in patients with ataxia and restores physiological cerebellar brain inhibition pathways compared to patients who underwent sham stimulation.
Given that patients which were less affected clinically and functionally demonstrated a greater improvement, which outlasted the stimulation interval for at least three months, authors highlight that repetitive sessions of tDCS do not necessarily induce a linearly cumulative result and, actually, the optimal repetition rate and inter-stimulation interval has still to be determined.
In the light of these studies, treatment with cerebellar tDCS could be considered a potentially promising tool for future therapeutic and rehabilitative approaches in patients with ataxia.
Putative Mechanisms of Action
Despite the promising outcome, the exact mechanisms of action still remain unknown. Probably, low frequency TMS mediates its therapeutic effects by dampening the inhibitory tone exerted by Purkinje cells over the dentate nucleus, thus leading to a reduced cerebellar-brain inhibition. By analogy, both anodal tDCS and high frequency rTMS likely lead to an increase in CBI. However, cerebellar-brain connections are both excitatory and inhibitory and, consequently, different mechanisms should be carefully considered. In particular, a reduced inhibitory control from Purkinje cells may also enhance the activation of the vestibular nuclei, resulting in postural balance improvement [32] . The Purkinje axons from the vestibular-cerebellum end primarily in the area of the vestibular nuclei sending ascending fibers to the external ocular muscles through the medial longitudinal fasciculus, thus dynamically modulating the position of the body within extra-and peripersonal space [33, 34] . Although the cellular and molecular targets at a cerebellar level have not been clarified so far, the efficacy of rTMS/tDCS for the treatment of ataxias may depend on changes both in ascending and descending pathways.
The use of TMS/tDCS as therapeutic tools complementary to pharmacological interventions may also depend on the time of intervention, especially in stroke patients [31] . In fact, cerebellar infarctions result in acutely increased contralateral inhibition of the primary motor cortex, likely reflecting the increase in intracortical inhibition related to the loss of dentate-cortical facilitatory projections [35] . Conversely, as time passes, the intracortical inhibition within the contralesional M1 progressively decreases, leading to an impaired interhemispheric balance in cortical excitability [36] . Moreover, as short and long-term effects of cerebellar tDCS likely arise from the depolarization of Purkinje and Golgi cells respectively, plasticity changes induced by either anodal or cathodal polarization become strictly timedependent [37] . Overall, these mechanisms could explain the paradox that the inhibitory low-frequency rTMS and the excitatory anodal tDCS, applied over the cerebellar cortex, both lead to a clinical improvement in patients with spinocerebellar ataxias.
CONCLUSION
We found that a total of 282 patients were involved in 10 studies (7 had blinded designs and 3 were open label). Inclusion criteria varied greatly among the studies, but all patients had a diagnosis of cerebellar ataxia. There was a great variability regarding the duration of the intervention. All trials used non invasive neuromodulation techniques (rTMS or tDCS) targeting the posterior fossa. Besides motor outcomes, 5 studies also analyzed neurophysiological parameters. 5 used TMS stimulation, 5 used tDCS stimulation. All studies reported favorable clinical outcomes. No study reported major side effects.
Overall, low-frequency rTMS and theta-burst stimulation and tDCS seem to be effective for the treatment of cerebellar ataxias; future studies should be focused on a better definition of molecular and cellular targets, in order to clarify the specific timeline of intervention among sporadic, neurodegenerative and vascular diseases. This review suggests that cerebellar non invasive neuromodulation could be an interesting therapeutic option relieving some symptoms in specific cerebellar ataxia disorder. 
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